The focus of this work was to evaluate the thermal performance of a cogeneration system used to produce power and dry aromatic herbs. The waste heat from the exhaust gases of the diesel engine was recovered to heat air using a thermosyphon heat exchanger. The heated air was employed in a convective tray dryer in order to dry Origanum vulgare, Mentha spicata, and Ocimum basilicum. The experiments were carried out at full load in a stationary compression ignition engine coupled to a generator. The maximum global energy efficiency of the cogeneration system was 40.14%, and the effectiveness of the heat exchanger achieved 39%.
Introduction
Energy is considered the basis of the productive, domestic, and commercial activities of rural communities. Consequently, worldwide government policies should propose more effective solutions in the pursuit of new technologies and processes, aiming at a continuous improvement of the energy efficiency and the use of primary energy sources [1, 2] . In order to achieve such an objective, the options are to use renewable energy sources or recycle appropriately utilizing the energy that is currently being wasted [3] .
Currently, in Colombia, the Non-Interconnected Zones (NIZs) outside the national electrical grid cover 52% of the national population [4, 5] . In those areas, the main source of electricity is diesel generation, which represents 92% of the installed capacity; the remaining 8% corresponds to renewable sources [6] . Moreover, NIZs are mostly located in agricultural areas, where there is a high demand for drying processes because they have been implemented for a long time in order to extend the useful life of agricultural products such as aromatic plants [7] .
Cogeneration is defined as the simultaneous generation of heat and power, and it offers an opportunity to increase the energy efficiency of diesel generators [8] . This technology not only saves energy, but it also reduces CO 2 emissions [9, 10] . The efficiency of a cogeneration system could be improved by up to 91% in comparison to that of diesel plants for electricity generation only [11] [12] [13] .
A number of studies have been conducted to establish the performance and emissions of cogenerations systems; however, the literature does not include any report of experimental research into cogeneration systems for drying processes. Blumberg et al. [14] presented an energetic analysis of a cogeneration system for the co-production of power energy and syngas. In their work, the overall net output of the cogeneration equipment at full load was 12 kW. A variable electrical resistance bench was used to set the engine load and a Coriolis sensor (Siemens, SITRANS 2100DI) was used to measure the diesel flow rate. Figure 1 shows a schematic diagram of the experimental setup. The temperatures of the exhaust gases and drying air inlet and outlet were measured using K-type thermocouples in the heat exchanger (T2, T3, T4, and T5 in Figure 1 ).
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where C p, f g is the specific heat at constant pressure of the flue gases. Since the overall thermal resistance of thermosyphons is low, this resistance is assumed to be negligible and, thus, the heat exchanger is considered a counter-flow concentric tube heat exchanger. Based on that assumption, the well-known Effectiveness-NTU method [34] was used to calculate the heat exchange area. The number of thermosyphons was obtained by an iterative procedure and the thermosyphons were arranged in a staggered distribution, as shown in Figure 2 . The length of the evaporator and the condenser were both 25 cm, and no adiabatic zone was considered.
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Assuming that the heat rate in each thermosyphon is the ratio of the total heat rate to the number of thermosyphons ( ), the total thermal resistance of a thermosyphon was calculated as
where ∆ is the difference between the inlet temperatures of the two gaseous fluids (air and flue gases). To verify the dimensions of the thermosyphon, the thermal resistance was compared with the series-parallel sum of thermal resistances in the thermosyphon, such as thermal resistance including the external convective resistance in the evaporator and condenser, conductive resistances in the wall and the evaporation, and condensation thermal resistances.
Aromatic Herbs Used for Drying
The AHs used in this drying process were Origanum vulgare, Mentha spicata, and Ocimum basilicum, which were grown in San Cristóbal (Medellín, Antioquia). Thermal Gravimetric Analysis (TGA, SDTQ600) was used to measure the initial moisture content of AHs. Table 2 presents the initial moisture of the AHs and the load of each tray in the dryer. Figure 3 shows the locations of different measurement points on the base of the dryer where the air velocity was determined with a Pitot tube anemometer and an ExtechHD350 differential manometer. Next, an average Nusselt number was calculated to compute the heat transfer coefficient of the entire thermosyphon bundle using a Zukauskas correlation [35] .
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The AHs used in this drying process were Origanum vulgare, Mentha spicata, and Ocimum basilicum, which were grown in San Cristóbal (Medellín, Antioquia). Thermal Gravimetric Analysis (TGA, SDTQ600) was used to measure the initial moisture content of AHs. Table 2 presents the initial moisture of the AHs and the load of each tray in the dryer. Figure 3 shows the locations of different measurement points on the base of the dryer where the air velocity was determined with a Pitot tube anemometer and an ExtechHD350 differential manometer. To ensure a similar warming of the three trays, they were rotated every fifteen minutes. A KERN DS60K0.2 scale was used to measure the mass loss in each tray until the humidity of the AH was 10% or less. The initial position and the rotation of the trays are shown in Figure 4 . A FLUKE TI25 thermographic camera was used to show a qualitative temperature distribution of the AHs in the trays. Temperature measurement range, thermal sensitivity, accuracy, and emissivity of the thermographic camera were −20 °C to + 350 °C, ≤0.1 °C at 30 °C (100 mK), ± 2 °C or 2% and 0.9, respectively. 
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Experimental Procedure
The cogeneration thermal efficiency (η c ) was defined as the ratio of the sum of the generated output power (N E ) and recovered heat (q r ) to the energy contribution of the diesel, as follows in Equation (4):
where . m D [kg/s] is the diesel mass flow rate and LHV D [kJ/kg] is the low heating value of diesel. The recovered heat (q r ) was calculated with Equation (5).
m a * C p,a * (T a,o − T a,i )
where . m a [kg/s] is the drying air mass flow rate; C p,a the specific heat of drying air at constant pressure; T a,o the outlet drying air temperature; and T a,i the inlet drying air temperature. The effectiveness of the heat exchanger (ε HE ) was calculated using Equation (6) [36, 37] .
where q max is the heat transferred from the exhaust gases to the HE (q max = .
m eg * C p,eg * T eg,i − T eg,o , where . m eg [kg/s] denotes the mass flow rate of exhaust gases; C p,eg the specific heat of exhaust gases at constant pressure; T eg,o the outlet temperature of exhaust gases; and T eg,i the inlet temperature of the exhaust gases.
The analysis of drying process was assessed with the dimensionless moisture ratio (MR) and the moisture content. Such parameters can be determined with Equations (7) and (8), respectively [38] :
Moisture content = M t − M e M e (8) where M t [kg] is the mass of the drying product at time t; M e [kg] the dry mass of product; and M o [kg] the initial mass of product. The uncertainty was calculated using the manufacturer's specifications of each device. Equations (9)-(11) were used to calculate the uncertainty of the thermal efficiency, the recovered heat, and the effectiveness of the heat exchanger, respectively: Table 3 shows several uncertainty values which were calculated and obtained from the specifications of each device. 
Results and Discussion

Cogeneration Performance and Heat Exchanger Performance
The thermal efficiency of the generator set without cogeneration was 23%. When the cogeneration system was included and the heat recovered from the exhaust gases of the compression ignition engine was used to heat air for drying, the thermal efficiency was increased up to 40.14% This is an important difference; however, further efficiency improvements could only be achieved using refrigeration systems which work with waste heat. Additionally, in cogeneration mode no increase in the diesel fuel consumption was identified, indicating no back pressure effects. The back pressure phenomenon is important because it can reduce the operating limits of the engine, increase the fuel consumption, and can lead to exhaust smoke due to incomplete combustion. However, additional studies with different types of restrictions in the exhaust systems must be done in order to study this important phenomenon in cogeneration systems [39] [40] [41] [42] . Finally, the effectiveness of the heat exchanger was 39% on average, which is consistent with the values reported in the literature for this type of systems [37, [43] [44] [45] .
Drying Analyses
The traditional method for drying AHs uses solar energy. Such a process consists of leaving the products exposed to the sun. Depending on the AHs, it could take days or weeks. Convective dryers are a good option to reduce the drying time, but the process is intensive in terms of thermal energy consumption. In this study, waste thermal energy was used to heat air for drying Origanum vulgare, Mentha spicata, and Ocimum basilicum. The drying air velocities are shown in Table 4 . Note that the drying air velocity is higher at the points near the air intake (points 1, 2, and 3), which is due to a change in the direction of the drying air flow. Figure 5 shows the MR of Origanum vulgare, Mentha spicata, and Ocimum basilicum on tray 3 in the dryer. The time necessary to dry 0.81 kg of Origanum vulgare, 1.26 kg of Mentha spicata, and 0.66 kg of Ocimum basilicum and reach an MR under 0.1 was about 65, 90, and 105 min, respectively. The change in moisture content of the three AHs as a function of drying time is shown in Figure  6 . The maximum moisture contents of Origanum vulgare, Mentha spicata, and Ocimum basilicum were 5.25 kg-water/kg-solid, 3.54 kg-water/kg-solid, and 6.86 kg-water/kg-solid, respectively. The change in moisture content of the three AHs as a function of drying time is shown in Figure 6 . The maximum moisture contents of Origanum vulgare, Mentha spicata, and Ocimum basilicum were 5.25 kg-water/kg-solid, 3.54 kg-water/kg-solid, and 6.86 kg-water/kg-solid, respectively. The changes in the dimensionless moisture ratio of Mentha spicata in function of the time can be observed in Figure 7 . During the drying process, the dimensionless moisture ratio decreased rapidly after 105 min in tray 1, 95 min in tray 2, and 90 min in tray 3. After these times, the drying process slowed down. Origanum vulgare and Ocimum basilicum showed the same trends due to the effect of extrinsic and intrinsic moisture. The changes in the dimensionless moisture ratio of Mentha spicata in function of the time can be observed in Figure 7 . During the drying process, the dimensionless moisture ratio decreased rapidly after 105 min in tray 1, 95 min in tray 2, and 90 min in tray 3. After these times, the drying process slowed down. Origanum vulgare and Ocimum basilicum showed the same trends due to the effect of extrinsic and intrinsic moisture. The changes in the dimensionless moisture ratio of Mentha spicata in function of the time can be observed in Figure 7 . During the drying process, the dimensionless moisture ratio decreased rapidly after 105 min in tray 1, 95 min in tray 2, and 90 min in tray 3. After these times, the drying process slowed down. Origanum vulgare and Ocimum basilicum showed the same trends due to the effect of extrinsic and intrinsic moisture. Figure 8 shows thermographic images of the top and central trays during the drying process. On the top tray, a non-uniform temperature distribution can be observed qualitatively because the airflow was reduced at this point. The maximum inlet drying air temperatures in the dryer were 55 °C, 60 °C, and 51 °C when the inlet exhaust gases temperatures were 443 °C, 496 °C, and 428 °C, respectively. Figure 9 shows Mentha Spicata before and after the experiments. After the AH was dried, its color and smell were compared with a commercial product to verify the characteristics; however, for that purpose, additional studies on its organoleptic properties would have to be conducted. On the top tray, a non-uniform temperature distribution can be observed qualitatively because the airflow was reduced at this point. The maximum inlet drying air temperatures in the dryer were 55 • C, 60 • C, and 51 • C when the inlet exhaust gases temperatures were 443 • C, 496 • C, and 428 • C, respectively. Figure 9 shows Mentha Spicata before and after the experiments. After the AH was dried, its color and smell were compared with a commercial product to verify the characteristics; however, for that purpose, additional studies on its organoleptic properties would have to be conducted. 
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The cogeneration system described in this work allowed us to use the waste energy from the exhaust gases of the diesel engine for drying processes. Such a system can be available in Non-Interconnected Zones where diesel internal combustion engines are used for electricity generation.
The maximum thermal efficiency of the cogeneration system was 40.14% ± 0.9% when Origanum vulgare was dried.
The heat exchanger achieved an average effectiveness of 39% ± 0.8%, which could be improved by insulating the outer walls.
The drying times obtained in this study were below those reported in the literature with a similar drying air temperature and drying air velocity. Such improvement was possible because of the high efficiency of the heat exchanger in heating air with thermal energy recovered from its exhaust gases.
The drying system detailed here can be used to dry any product with drying air temperature requirements between 30 and 60 • C. The inlet drying air temperatures could be increased if the pipe between engine and dryer, and the thermosyphon walls were insulated, but in the case of aromatic herbs, the maximum temperature used in the drying process must be 60 • C in order to maintain their aromatic and medicinal properties [19] [20] [21] [22] [23] 46] . 
